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Performance of All-Optical Amplify-and-Forward WDM/FSO Relaying Systems over Atmospheric Dispersive Turbulence Channels
Introduction
Free-space optics (FSO) has recently received much attention in the first-mile access environment owing to a number of advantages over radio-frequency communications, including much higher bandwidth with license-free spectrum, better energy efficiency and possibly higher security. Compared to fiber optical communications, FSO also offers fiber-like data rate while being more flexible and cost-effective, as well as quicker and easier for deployment and re-deployment [1] , [2] . Currently, wavelength division multiplexed (WDM) transmission, which allows to carry many separate and independent optical channels, can support Terabits per second capacities, and it can be eas- ily integrated into FSO systems to considerably increase the bit rate [3] . This WDM/FSO combination is therefore a promising solution to meet the unprecedented growth in the global demand for broadband applications and services [4] , [5] . In this paper, we propose a novel concept of all-optical access networks using multi-hop WDM/FSO to provide high-bandwidth connections for multiple users in an extended coverage. System performance is comprehensively analyzed taking into account crucial physical-layer impairments, including atmospheric attenuation, turbulence, interchannel crosstalk, and pulse broadening.
Related Studies and Motivations
Several WDM/FSO systems have been successfully demonstrated [3] , [6] . WDM-Passive Optical Network (PON) using FSO in the distribution links to support multiple users at high bit rates is an appealing proposal [7] - [9] . In this hybrid WDM-PON/FSO network, the WDM channels suffer from interchannel crosstalk, while the FSO channels are affected by atmospherically induced scintillation, i.e., atmospheric turbulence. The combination of these two impairments results in turbulence-accentuated crosstalk effect, which severely degrades the overall system performance, particularly in the upstream transmission [8] . Practically, FSO could be an extension of optical fiber since both links share the identical transmission wavelengths and system components. Especially, using a pair of FSO terminals (FSOT), which can be transparently connected to singlemode fiber lines, FSO systems can be fully compatible with optical fiber networks [10] . FSO nevertheless is confined to short-haul applications since its reliability is degraded due to the distancedependent atmospheric turbulence-induced fading and loss [11] . To extend the coverage of FSO systems, relaying FSO has been considered as a suitable solution [12] - [18] . Many previous studies mainly focused on electrical relaying, where all signal processes are implemented in the electrical domain [12] - [14] . This technique is daunting from an implementation perspective for Gigabit per second (Gbps)-rate FSO links since it requires complex optoelectronics and decoding/encoding hardware. Therefore, the all-optical relaying technique, i.e., optical amplify-and-forward (OAF), where the signal processing is only performed in the optical
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⃝ 2016 The Institute of Electronics, Information and Communication Engineers domain so that the full bandwidth of an optical signal can be used, has been recently studied [15] - [18] . It is generally deduced from these studies that OAF relaying is faster and simpler to implement and achieves a better performance than electrical relaying unless the number of relays is large, in which case the accumulation of background and amplified spontaneous emission (ASE) noises impose a negative impact on the system performance.
On the other hand, the signal dispersion (pulse broadening) is another important factor in FSO system performance. In recent studies, the Gaussian pulse propagation model was employed so that both atmospheric turbulence and pulse broadening could be investigated in the performance of FSO systems [19] , [20] . However, the pulse broadening issue has not been clarified in WDM/FSO systems.
Main Contributions
The main contributions in this paper can be summarized as follows.
First, we propose a novel concept of all-optical access networks using multi-hop WDM/FSO to provide highbandwidth connections for multiple users. This proposition takes advantage of both the all-optical relaying technique and the WDM transmission, hence resulting in a low cost, reliable, flexible, and high-speed access network. This proposed network can be compatibly combined with the predeployed fiber network to further increase the network coverage. Therefore, it could be a realistic solution for the firstmile 'bottleneck' problem, especially when fiber installation is not favorable.
Secondly, we employ the M-ary pulse position modulation (M-PPM) combined with the OAF relaying technique to combat against the turbulence-accentuated interchannel crosstalk effect, which is the main impairment in WDM/FSO systems. In previous studies, M-PPM has been employed as an energy-efficient transmission method [21] - [23] . Additionally, the use of PPM also avoids adaptive threshold adjustments required in on-off keying (OOK) [24] .
Thirdly, for performance analysis, we take into account effects of all noises and atmospheric impairments, including turbulence and pulse broadening. The atmospheric turbulence is modeled by a Gamma-Gamma channel, which is suitable for a wide range of turbulence conditions [25] , while the pulse broadening is characterized by the Gaussian pulse propagation model. Our numerical results, which are validated by Monte-Carlo (M-C) simulations, show that the proposed WDM/FSO system using PPM combined with OAF relaying technique is a feasible solution for optical access networks.
Proposed System Descriptions

Network Model
Figure 1(a) shows the model of a typical PON using optical fiber links, which consists of optical network units (ONUs), a passive splitter at the remote node (RN), and an optical line terminal (OLT). Typically, PON can reach the distance of up to 20 km, and it is capable of delivering upstream to 1.2 Gbps and 2.4 Gbps downstream to the port with current standards [26] . As the next step in fiber access evolution, the ITU-T is defining the second next generation PON (NG-PON2), which is primarily based on time and wavelength division multiplexing (TWDM) since it is most compatible with the high volume residential application. The NG-PON2 could offer 40 Gbps aggregate downstream capacity and 10 Gbps upstream [27] . Nevertheless, it is not always economical or possible to have optical fiber installation due to the high cost, especially in vast, low-density remote areas, difficult terrains, the limitation of running additional cables (such as city centers, historical areas), or the need of temporary connection only. A solution for these issues is to use FSO instead of the optical fiber [8] , [9] . As shown in the upper part of Fig. 1(b) , FSO is combined with WDM/PON to form a hybrid optical access network with lower cost and higher flexibility. The coverage of single-hop FSO links in the distribution network is however limited (to about 2 kilometers) due to the negative impacts of atmospheric and weather conditions [8] .
To address above-mentioned issues, we propose a costeffective, flexible, and reliable network model using multihop WDM/FSO, as shown in the lower part of Fig. 1(b) . For the extended distance from the OLT to the RN, multihop WDM/FSO relaying with erbium-doped fiber amplifiers (EDFAs) is employed. In this WDM/FSO network, FSO links can be configured in different topologies, such as point-to-point, point-to-multipoint, ring, or mesh connections. The cost of deploying WDM/FSO network can be significantly lower than that of conventional PONs because no fibers are required between the OLT and service areas, lead- ing to a substantial reduction of fiber installation and maintenance expenses. Besides, the WDM/FSO systems can be fully compatible with the terrestrial fiber communication in metro networks, which provide not only the multi-gigabit link capacity but also the link stability and reliability [10] . Moreover, based on full-optical FSO systems, advanced Radio over FSO (RoFSO) systems have also been developed with the capability of transferring multiple wireless signals using WDM/FSO channels [28] . Above-mentioned advantages make our proposed multi-hop WDM/FSO system become a promising solution for all-optical access networks.
System Model
For performance analysis purpose, we use a model of multihop OAF relaying WDM/FSO access network shown in Fig. 2 . For both downstream and upstream directions, the OLT communicates with ONUs through N intermediate re-
where d i is the transmission distance from the (i − 1)-th node to the i-th node (with node 0 is the OLT and node N + 1 is the ONU).
In the downstream transmission, signals from K transmitters, each with an unique wavelength (λ 1 , λ 2 , · · · , λ K ) are combined by a WDM mux and then transmitted via multihop FSO channels to the RN. The optical wavelengths are chosen in the C band (i.e., around 1550 nm) with channel spacing of 100 GHz, since 1550 nm light suffers from less atmospheric attenuation and it is suitable for EDFA technology and high quality transceivers [29] . At each relay node, an optical amplifier (EDFA) is used to directly amplify the optical signals. A single EDFA can simultaneously amplify many data channels at different wavelengths within the gain region. However, the advantage of an optical amplifier comes at the cost of introducing ASE noise, which somewhat offsets the performance gain. After that, at the RN, WDM demux separates the multiplexed optical signals into constituent wavelengths. Due to the defectiveness of the demux and transmitting lenses at the RN, the end-user may receive the optical signal of undesired wavelengths, i.e., interferers. This phenomenon is also known as interchannel crosstalk, which was previously studied in [29] , [30] . There also exists several losses of mux/demux, which comprise the signal mux, demux losses (denoted as L mx , L dx , respectively), and L dx,XT , which indicates the crosstalk level from the interferer at the demux. Finally, in the distribution network, signals with constituent wavelengths are delivered to the corresponding end-users (ONUs) in a point-to-point scheme. At each receiver, PIN photodiode is used to convert the electrical field into the photocurrent.
In the upstream direction, interchannel crosstalk arises due to the imperfection of the demux at the OLT when separating different wavelengths to corresponding receivers. However, the interchannel crosstalk effect in this situation becomes more severe, since the atmospheric turbulence in the distribution network results in a fluctuating crosstalk effect. It is also called as the turbulence-accentuated interchannel crosstalk, which arises when the signal and crosstalk paths are independently turbulent, i.e., physically totally distinct, as in the case of the upstream. The effect of turbulence-accentuated interchannel crosstalk in WDM-PON integrated with FSO networks was investigated in [8] . It is also worthy to note that there may exist intrachannel crosstalk in the upstream transmission if a portion of the transmitted power falls in the field of view of an unexpected receiving lens due to the beam spreading effect. Nevertheless, intrachannel crosstalk can be neglected, since we can generally arrange the position of ONUs to avoid the near identical transmission paths.
For each wavelength, M-ary PPM scheme is employed. At the transmitter, input data is first modulated at a PPM modulator, where each block of b bits is mapped to one of M possible symbols (s 0 , s 1 , ..., s M ), where M = 2 b . The symbol interval, T w , is divided into M time-disjoint time slots and an electrical pulse is sent in one of these M time slots while remaining (M − 1) time slots are empty. This pulse is then converted into an optical pulse with constant power of P t,sig by a laser diode. Denoting R b as the bit rate of the system, the symbol interval has a duration given by
, and time slots have the duration of T s = T w M . At the input of each relay, optical signals include not only data signal but also background noise and interferer signal with the average powers of P b and P t,int , respectively. Here, the case of a single interferer is assumed. These signals are amplified by an EDFA with the fixed gain G, which is set to keep the average relay output power constant at P t,sig [15] , [16] . The signals are then transmitted to the next relay together with ASE noise, which can be described by additive zero-mean white Gaussian model with the optical power given by P A = h P f (G − 1) n sp B 0 , where h P is the Planck's constant, f is the frequency, n sp is the amplifier spontaneous emission parameter, and B 0 is the optical bandwidth [31] . Over multiple relays, background and ASE noises are amplified and accumulated.
At the destination, the received signal, including the background noise at the receiver, is converted into the photocurrent by a PIN photodetector. Next, integrated photocurrents over M time slots are compared at the PPM demodulator to find the position of the slot with the highest current, which determines the transmitted symbol. Finally, detected symbol is converted to the binary data by a symbol-to-bit converter.
FSO Dispersive Turbulence Channel Model
This section presents the mathematical model of FSO channel with h i , (i = 1, 2, · · · , N + 1), which is the channel state modeling the random attenuation of the propagation channel between the (i − 1)-th node and the i-th node. In the proposed system, each hop is assumed to be equidistant (i.e.,
, and the channel state between every pair of relays is considered to be independent and identically distributed. In our model, h i arises due to two factors: channel loss (h 
Atmospheric Dispersive Model
To evaluate time-domain spreading of a pulse wave propagating through atmospheric turbulence, we assume that the transmitted waveform in each PPM time slot is a Gaussian pulse. The amplitude of the Gaussian pulse is described by
where P 0 and T 0 are the average power and the half-width (at the 1/e point) of the input pulse, respectively [32] . The relation between the average power of Gaussian pulse (P 0 ) and the average power per time slot (P t,sig ) is given by
where T s is the duration of the time slot [19] . Over a transmission distance d i , the received optical signal is attenuated by the propagation loss including the geometrical spreading of the optical beam and atmospheric attenuation. It is easy to obtain the value of loss due to geometric spreading as a function of the area of the receiver aperture A and the angle of divergence θ. On the other hand, the atmospheric attenuation can be described by the exponential Beer-Lambert's law. As a result, the total of atmospheric attenuation and geometric spreading can be formulated as
where A = π(a) 2 with a is the radius of the receiver aperture, and a l is the atmospheric attenuation coefficient. In addition, the optical pulse obtained at the receiver is broadened due to the atmospheric turbulence, and its average power is reduced. Therefore, the received signal at the distance of d i meters from the transmitter, taking into consideration the effects of geometrical spreading of the optical beam, atmospheric attenuation, and pulse broadening, can be mathematically expressed as [19] 
The parameter δ, which governs the scale of pulse broadening and average power reduction, is given by δ =
, where C 2 n stands for the altitude-dependent index of the refractive structure parameter, and L 0 is the outer scale of turbulence, and c is the light velocity [32] .
As pulse is spread out of the time slot owing to pulse broadening, the average power per PPM time slot at the receiver (P r ) is reduced compared to P t,sig . Therefore, the power loss coefficient caused by atmospheric attenuation and pulse broadening can be determined by
Atmospheric Turbulence Model
An optical wave propagating through the atmosphere will experience irradiance (i.e., intensity) fluctuations, or scintillation. Scintillation is caused by the inhomogeneities in the temperature and pressure of the atmosphere leading to refractive index variations (i.e., atmospheric turbulence). To characterize the whole range of atmospheric turbulence effects (i.e., weak, moderate, and strong), Gamma-Gamma (G-G) distribution has been found to be a suitable choice since it is able to model both small-scale and large-scale fluctuations [25] . The G-G probability density function (1 + 1.11σ
where σ 2 R is the Rytov variance which is defined as
with λ is the optical wavelength [25] . In general, C 2 n varies from 10 −13 m −2/3 to 10 −17 m −2/3 [33] , and a table reporting C 2 n for different weather conditions can be found in [34] . Illustratively, Fig. 3 shows the Rytov variance σ 
Bit-Error Rate Analysis
Once the PPM symbol is detected, it is mapped to a string of log 2 (M) bits via the inverse of the encoding mapping. There are M/2 symbol errors that will produce an error in a given bit in the string, and there are (M − 1) unique symbol errors. Thus, assuming all symbol errors are equally likely, and denoting P e as the symbol error probability (SEP), the bit error rate (BER) of the system then can be derived as
We assume that the transmitted data is large enough that the probabilities of sending any symbols are the same. At the receiver, the photocurrent I u corresponds to the u-th slot (0 ≤ u ≤ M − 1) of the received symbol. Without the loss of generality, we assume that symbol s 0 is transmitted, i.e., I 0 is the signal current corresponding to the signal slot (slot 0). In the downstream direction, the signal and interferer can be assumed to experience the same atmospheric turbulence as the crosstalk arises before the distribution link (i.e., (N + 1)-th hop). The downstream interchannel crosstalk is not turbulence-accentuated since it traverses the same atmospheric path as the signal (neglecting slight wavelength difference impact on σ 2 R ). Hence, the G-G pdfs for both signal and interferer can be considered to be the same. Applying the union bound, the SEP for the downstream transmission can be expressed as
In the upstream direction, the signal and interferer first travel over physically distinct paths in the (N + 1)-th hop (from ONUs to the RN). Therefore, their G-G distributions can be assumed to be independent. In our analysis, the channel states of the (N + 
In (11) and (12), Pr{·} denotes the probability of the given event, s represents the transmitted symbol and erfc (z)
2 dt is the complementary error function. is the G-G pdf of h a N+1,int of the (N + 1)-th hop for the interferer. SNR is the electrical signal to noise ratio in case of PPM signaling, which is defined as
In (13), σ 2 0 and σ 2 u are receiver noise variances of signal currents in 0 and u slots, which can be expressed as
where
, and σ
2
T are variances of signal shot noise, interferer shot noise, accumulated amplified background noise over multiple relays, accumulated amplified ASE noise over multiple relays, background noise at the destination, ASE noise resulted from the amplifier at the RN received at the destination, and receiver thermal noise, respectively. µ 0 = I sig + I int and µ u = I int are respectively the mean values of signal currents in 0 and u slots, in which I sig and I int are the signal and interferer currents.
Since the atmospheric turbulence in the (N + 1)-th hop is treated similarly in the downstream direction and independently in the upstream direction for the signal and interferer, the calculation of signal and interferer currents as well as receiver noise variances is derived differently.
Downstream Analysis
For the downstream transmission, I sig and I int can be expressed as
where ℜ is the responsivity of the PIN photodiode, G i is the optical amplifier fixed-gain at the i-th relay (assuming that
In (14) , the variances of receiver noises can be expressed as
where q is the electron charge; k B is the Boltzmann's constant; T is the absolute temperature; R L is the load resistance; B e is the effective noise bandwidth defined as
A is the average power of ASE noise at the i-th relay, assuming that P (15) to (17), we respectively obtain I sig , I int , and σ (18), (19) , (21), and (22), respectively.
Upstream Analysis
Numerical Results
In this section, we numerically investigate the BER of the proposed system under the assumption of a single interferer for both downstream and upstream transmissions. The derivation of closed-form expression for BER is relatively complex when all noises (including signal dependent ones) and interference are considered. In some special cases, when noise is assumed as signal independent Gaussian, the closed-form expression for BER can be derived [12] , [13] . In this study, we base on exact-form upper bound expressions shown in (11) and (12) to investigate the BER for both cases of the upstream and the downstream. M-C simulations are also performed to validate the tight upper bound analysis.
It is noted that, for a fair comparison, the performance of the proposed system is examined under a constraint on the average power per information bit; that means, the average transmitted power of the PPM symbol, P t,sig can be given by P t,sig = (M log 2 M)P s with P s is the average transmitted power per information bit. The required P s here is considered for achieving the BER of 10 −6 so that the operational performance (when BER = 10 −9 ) can be achieved when forward error correction (FEC) is applied. For the downstream transmission, the signal and interferer are assumed to have the same launch average power (P t,sig = P t,int ) and distance to RN. On the contrary, in the upstream transmission, we also assume P t,sig = P t,int but the distances to RN from the signal and interferer are separately examined. The system parameters and constants used in the analysis are shown in Table 1 .
Downstream Transmission
First, Fig. 4(a) and Fig. 4(b) show BER versus P s for the downstream transmission in cases of OOK and 4-PPM with different numbers of relays N within a fixed distance of 4 km. It is confirmed that the system performance could be significantly improved by increasing N. In Fig. 4(a) for systems using OOK, when N increases from 1 to 2 relays, 2 to 3 relays, and 3 to 4 relays, the performance improvements are 7 dB, 4 dB, and 2.5 dB, respectively. The decrease of the performance improvements is due to the accumulation of amplified background and ASE noises over multiple relays. On the other hand, in Fig. 4(b) for systems using 4-PPM, it is observed that PPM-based systems outperform OOK-based ones. Compared to OOK-based systems with the cases of N = 1 and N = 2, PPM-based systems attain the performance improvements of 4 dB and 3 dB, respectively. Therefore, PPM combined with OAF relaying is a good solution to improve the system performance, avoiding the adaptive threshold required in optimum-performing OOK-modulated FSO systems.
Next, Fig. 5 illustrates BER of the proposed system using 4-PPM versus P s for the downstream transmission with various turbulence strengths. Within the total distance of 4 km, the BER performance is constantly deteriorated when the turbulence becomes stronger (i.e., higher C 2 n ). With only one relay, the required P s to attain BER of 10 −6 are 10.5 dBm, 7.5 dBm, and 4.5 dBm corresponding to C 2 n of 10 −14 , 7.5 × 10 −15 , and 5 × 10 −15 . With two relays, the BER performance is significantly improved. More specifically, compared to the case when N = 1, the performance improvements when N = 2 are 8 dB, 7 dB, and 6 dB for C 2 n of 10 −14 , 7.5 × 10 −15 , and 5 × 10 −15 , respectively. In Fig. 6 , we investigate BER versus the total transmission distance for different numbers of relays ( Fig. 6(a) ) and orders of PPM scheme (Fig. 6(b) ). In Fig. 6(a) , the total transmission distance L could be further increased by increasing N. For instance, using 4-PPM, the maximum distances (calculated at BER = 10 −6 ) achieved with N = 1, N = 3, N = 5, and N = 7 are 3 km, 5 km, 6.5 km, and 7.6 km, respectively. It is also noticed that the distance improvements decrease with the increase of N due to background and ASE noises accumulation, for example, the distance improvements are 2 km, 1.5 km, and 1.1 km, when N is increased from 1 to 3, 3 to 5, and 5 to 7, respectively. However, it is not always economically or technically feasible to deploy additional relays. Therefore, another choice to improve the transmission distance is to increase the mod- .1 km, 6.9 km, and 7.5 km, respectively. The distance improvements tend to decrease when higher orders M are employed. This is because the pulses are shortened with high values of M, which are more affected by the pulse broadening due to atmospheric turbulence. Figure 7 depicts BER versus the transmission bit rate R b in Gbps with P s = 0 dBm and L = 4 km for different PPM modulation orders M in cases of N = 1 ( Fig. 7(a) ) and N = 2 ( Fig. 7(b) ). It is seen that higher transmission rates are achieved by increasing M. More specifically, in Fig. 7(a) , at BER = 10 −6 , we can achieve R b = 2 Gbps with 16-PPM and N = 1. On the other hand in Fig. 7(b) , much higher R b is reached by adding one more relay (i.e., N = 2). For example, R b = 6.5 Gbps can be achieved with 8-PPM at BER = 10 −6 , which means 4.5 Gbps higher than the case of one relay with 16-PPM.
Upstream Transmission
For the upstream transmission, in the (N + 1)-th hop, the distances from the desired user (signal) and unwanted user (interferer) to the RN are respectively denoted as d N+1,sig and d N+1,int . Figure 8 shows the impact of interchannel crosstalk on the upstream transmission by evaluating BER versus P s within the transmission distance of 4 km with N = 1 (i.e., d 2,sig = 2000 m), for different FSO link lengths from the interferer to the RN d 2,int in two cases, using good demux (L dx,XT = −30 dB) and poor demux (L dx,XT = −15 dB) devices. If a good demux device is used (Fig. 8(a) ), at BER = 10 −6 , the effect of crosstalk is negligible as P s stays the same in both cases of Fig. 8(b) , with a poor demux device, the effect of crosstalk is also fragile when d 2,int decreases from 2000 m to 200 m as the required P s increases only about 0.1 dB. However, when the interferer is closer to the RN, e.g., d 2,int = 20 m, P s increases nearly 7 dB to achieve BER = 10 −6 , compared to the case of d 2,int = 2000 m. This is due to the meagre performance of the demux together with the severe effect of turbulenceaccentuated interchannel crosstalk.
Finally, Fig. 9 shows BER versus P s for different N ( Fig. 9(a) ) and M (Fig. 9(b) ) in the case of using poor demux devices and the interferer is very close to the RN (i.e., d N+1,int = 20 m). To deal with the severe effect of turbulence-accentuated interchannel crosstalk, one can either increase the number of relays or the modulation order of PPM scheme. In Fig. 9 (a) with 4-PPM, the system performance is considerably improved when more relays are added. Illustratively, the performance improvements when employing 2, 3, and 4 relays are 11 dB, 16 dB, and 18 dB compared to the case when N = 1. On the other hand, Fig. 9(b) shows the performance improvement by increasing M when only one relay is employed. It is observed that the performance gains are 3 dB, 2 dB, and 1 dB when M increases from 4 to 8, 8 to 16, and 16 to 32, respectively. The decrease of the performance gains is due to the pulse broadening effect which becomes more severe when M increases. The efficiency of M-PPM comes at the expense of large spectrum occupancy and additional synchronization difficulty with large-alphabet PPM. Thus, by suitably choosing M-PPM and number of relays N in practical deployment scenarios, the system performance could be significantly enhanced.
Conclusion
This paper presented a new concept of full-optical access network that employed OAF relaying FSO systems incorporated with WDM. The novel model took advantage of both all-optical relaying FSO transmission and WDM technique, and it could be easily integrated with fiber optics in metro networks to form a low-cost, reliable, flexible, and highspeed optical network. The numerical results showed that atmospheric turbulence and accumulated background and ASE noises had a severe impact on the performance of the proposed system. Nevertheless, thanks to OAF technique combined with M-PPM modulation, the required P s could be significantly reduced and the transmission distance was increased. The required P s corresponding to specific values of BER, transmission distance, and turbulence strength were also quantitatively discussed. Finally, the negative effect of turbulence-accentuated interchannel crosstalk in the upstream transmission was thoroughly evaluated.
